INTRODUCTION SCOPE
Viruses have proven to be of major importance in medical science both as infectious agents and as models for molecular studies. Animal viruses containing deoxyribonucleic acid (DNA) genomes, in particular, provide simple model systems that can be used to address many complex biological problems. All animal DNA viruses have small genomes, relative to the host cells they infect, that can be easily manipulated to examine the mechanisms of replication and gene regulation. Investigation of the genetic material of viruses also provides information that may help to elucidate the mechanisms associated with gene regulation in higher organisms. DNA viruses have served as a focus of intense interest to virologists for many years (79) .
The study of DNA virus-virus interactions within host cells has provided much knowledge concerning both the organization and the expression of genetic information (79) . A variety of interactions, both genetic and nongenetic, may occur between two viruses in culture. Several types of nongenetic interactions that may occur are (i) phenotypic mixing, (ii) genotypic mixing, (iii) interference, (iv) enhancement, and (v) complementation. The study of these different types of interactions has contributed greatly to our understanding of gene function.
Complementation, the focus of this review, involves the interaction between two viruses, one or both of which may be defective and unable to replicate in the infected host cell. This interaction results in replication of one or both viruses under conditions in which multiplication would not ordinarily occur. The progeny produced maintain the genotype and phenotype of the parental virus. Different types of complementation are possible, and the mechanisms by which they occur may vary ( Table 1) .
As the science of virology evolved, it became apparent to investigators that many viruses had a limited host range and were not capable of completing a full replicative cycle under various conditions. Early on, investigators demonstrated the ability of genetically related viruses of the same group to aid in the replication of otherwise growth-restricted viruses (35, 78) . Only gradually have virologists come to appreciate the many interactions between unrelated DNA virus genomes. This manuscript reviews the knowledge that has accumulated to date concerning the interrelationship between otherwise structurally and genetically unrelated that exhibits absolute dependence on coinfection with a helper virus for productive replication (9, 10) . In the absence of a helper virus, AAV efficiently integrates into host cell chromosomes via its inverted terminal repeats (4, 88) . The ability of AAV to integrate its genome into cellular DNA is not unique and is a characteristic shared by all other known DNA viruses that infect the nucleus. The characteristics of AAV that distinguish it from other nuclear DNA viruses include the following: (i) lack of apparent phenotypic alteration in host cell chromosomes after AAV integration; (ii) lack of cellular transformation after AAV integration; and (iii) readily rescuable nature of the AAV genome after superinfection with a helper virus (see subsection, "Reactivation of Latent Parvoviruses"). Three distinct groups of DNA viruses, adenoviruses, herpesviruses, and poxviruses, complement replication of defective parvoviruses. Complementation by adenoviruses. Adenovirus appears to be the more common natural helper of AAV (2, 4, 44, 73) . Because adenovirus is far less complex than herpesviruses and poxviruses, much more is known about the interactions between AAV and adenovirus. A two-way interaction occurs between the "helper" adenovirus and the "defective" AAV. Adenovirus supplies the needed helper function for AAV replication and possibly for transcription and translation, whereas AAV inhibits lytic replication as well as the oncogenicity of adenovirus.
All of the helper functions (20) supplied by adenovirus have been mapped to the early genes. Although only six early adenovirus transcriptional regions (ElA, E1B, E2A, E2B, E3, and E4) have been identified, studies of the interaction between adenovirus and AAV have been complicated by the multiple protein products coded for by these genes. Despite this problem, evidence provided by adenovirus mutants and microinjection and transfection studies suggests that the adenovirus early region genes ElA, E1B, E2A, and E4 are required for supplying AAV helper functions (19, 48, 49, 59, 67, 86, 87) (Fig. 1A) . Evidence also suggests that the adenovirus VA-1 ribonucleic acid (RNA) gene is required for AAV replication (48) . The E2B region, thought to code for both the adenovirus terminal protein and DNA polymerase (97) , is not essential for AAV replication. Of the adenovirus genes required for AAV help, only the E1B and E4 regions appear to directly affect AAV DNA replication.
Inhibition of adenovirus lytic infection after coinfection with defective AAV has consistently been observed (21, 91) . DNA replication is the earliest part of the adenovirus replication cycle that appears to be inhibited. This inhibitory activity is multiplicity dependent; at very high multiplicities of AAV infection, even AAV replication becomes inhibited (21) . If AAV infection is delayed until 6 or 7 h after adenovirus infection, no inhibition is observed (20) , suggesting a competition between AAV and adenovirus for one or more adenovirus early gene products or for a limited cellular product. During the inhibition of adenovirus replication, it is not yet understood whether most cells are producing many AAV virions and only a few adenovirions or whether the majority of cells are producing AAV, with only a few producing adenovirus. In addition, the question still remains as to whether this strong in vitro inhibition has any relevance in vivo.
The induction of sarcomas in newborn Syrian hamsters by adenovirus also is inhibited by coinfection with AAV. Upon coinfection with AAV and adenovirus, induction of tumors is delayed and the number of tumors is significantly reduced (23, 56, 61) . Coinfection is strictly required to produce this effect (61), although DNA can substitute for intact virions (29) , and, in fact, only the terminal sequences of the genome are absolutely required to restrict oncogenicity. AAV infection of hamster embryo cells transformed by adenovirus also significantly inhibits oncogenicity, including inhibition of several properties related to transformation in culture, such as decreased saturation density and decreased ability to clone in methylcellulose (72) .
The inhibition of adenovirus oncogenicity by AAV superinfection also has been investigated at the molecular level (72) . The most significant finding to date is the decrease (80%) in the amount of detectable tumor antigen produced (72) . Correlated with this decrease in tumor antigen is the observation that the inhibitory effect can be overcome in vivo; increasing the number of cells by fivefold increases the amount of tumor antigen and concomitantly decreases the period of tumor induction and the time available for the animal to mount an immune response.
Our current knowledge therefore suggests that the adenovirus helper functions required to support replication of AAV include the ElA, E1B, E2A, E4, and VA-1 RNA genes. Of these essential adenovirus genes, only E1B and E4 appear to directly affect replication of AAV. After coinfection, AAV has a demonstrated capacity to inhibit not only adenovirus DNA replication in a multiplicity-dependent fashion but also the oncogenicity of adenovirus. Only the terminal sequences of the AAV genome are essential to restrict adenovirus oncogenicity, which appears to be associated with a decrease in detectable adenovirus tumor antigen.
Complementation by herpesviruses. In addition to adenoviruses, herpesviruses are known to provide helper activity for AAV multiplication (1, 16, 63) . The herpesvirus helper function initially was thought to be incomplete (1) . AAV DNA (15, 90) , RNA (22, 90) , and protein (1, 12, 13) syntheses originally were reported to be induced by herpesviruses, although AAV infectivity could not be demonstrated (1, 12, 13, 90) . However, more recent studies by demonstrated that herpes simplex virus (HSV) is capable of providing complete help for AAV replication. Both HSV types 1 and 2 (HSV-1 and HSV-2) induce complete and relatively efficient multiplication of AAV in several human cell lines, including KB, HeLa, Hep-2, and human embryonic kidney (16) . Only one obvious helper-related difference in AAV synthesis is observed when HSV instead of adenovirus help is provided. Multiplication of AAV via HSV-induced help results in the earlier appearance and peaking of AAV DNA, RNA, and protein syntheses (16) , undoubtedly reflective of the short replication cycle of HSV. The increased rate of AAV precursor synthesis is not associated with any marked difference in AAV yield.
Coinfection with AAV and human cytomegalovirus (HCMV) strain Towne in human embryonic fibroblasts also has demonstrated accumulation of AAV capsid antigen and production of infectious AAV (63) . There is a 24-h lag in production of AAV when helper activity is provided by HCMV as opposed to adenovirus (63) . In addition, McPherson et al. (63) observed an HCMV AAV-associated synergistic effect on cellular cytopathology. The success of these investigators in demonstrating complementation for AAV replication by HCMV, in contrast to others (1) , is attributed to the use of high-titer HCMV stocks (>107 plaque-forming units/ml) as well as to the use of the entire infected cell culture as opposed to just the supernatant for assays (63) . It appears that newly replicated AAV produced during HCMV coinfection remains cell associated for several days, in contrast to AAV produced during adenovirus coinfection which is quickly released into the supernatant medium. The exact helper functions provided by HSV and HCMV have not yet been defined. However, the success of investigators (16, 63) in demonstrating complementation of AAV by HSV and HCMV provides a tool which may prove useful in probing the early regulatory functions of the herpesviruses. Although AAV infection has not been associated with any human disease to date, the report of its interaction with the herpesviruses permits speculation on the role of AAV in human viral pathogenesis via AAV persistence or integration into human cells or both. The demonstrated ability of herpesviruses to complement AAV replication in human cells poses many questions which can now begin to be investigated in vitro at the molecular level as well as in vivo with animal models.
Complementation by poxviruses. In addition to adenoviruses and herpesviruses, a third virus group, the poxviruses, has recently been demonstrated to function as helper viruses for replication of defective parvoviruses (96) . Poxviruses represent a large virus family composed of six genera. All poxviruses share a common nucleoprotein antigen and contain several virion-encoded enzymes, including a DNA-dependent RNA polymerase. The virion-encoded DNA polymerase may be correlated with its cytoplasmic site of replication. However, DNA polymerases with homology to the poxvirus DNA polymerase (31) are encoded by members of at least two other virus families, including the herpesviruses and the adenoviruses.
Vaccinia virus, a member of the Orthopoxvirus genus, is the prototype member of the poxvirus family (66 (97) . Future investigations into the nature of defective parvovirus replication are necessary if the essential helper functions provided by adenoviruses, herpesviruses, and poxviruses are to be clearly defined.
Reactivation of Latent Parvovirus by Adenoviruses
The rescue of integrated latent AAV by adenovirus represents a unique situation compared with complementation of AAV by adenovirus following coinfection. Latent AAV infection, which is an integral part of the replicative cycle of this virus, was discovered by Berns et al. (11) . Berns and colleagues (11) demonstrated that when African green monkey kidney cells, found uniformly negative for AAV antigens and infectivity, were challenged with an AAV-free adenovirus stock, AAV was produced in >20% of the cultures.
Several systems have been developed to study the mechanism of AAV latency and reactivation (8, 11, 24, 28, 38, 40, 45, 71) . Data derived from these studies are consistent with the integration of AAV DNA as a linear tandem repeat into cellular DNA. The integration process appears to be specific for the terminal sequence of the viral genome but random with respect to cell DNA sequences. Results of these studies also indicate that another adenovirus helper function, in addition to those necessary for provision of help during coinfection, may be required for rescue of latent AAV. Adenovirus hr6, a host-range mutant mapped to early region E1B and deficient in adenovirus T-antigen synthesis (38, 40) , is capable of supporting AAV DNA as well as wild-type virus replication (71) . However, superinfection with hr6 is incapable of rescuing latent AAV as measured by AAV DNA synthesis (71) . Although the results of Ostrove and Berns (71) appear to define the 58,000-molecular-weight (58K) adenovirus T antigen as a specific requirement for rescue of latent AAV, Cheung et al. (24) challenged this claim when they reported that continued passage of latently infected cells results in excision of free AAV copies in the absence of adenovirus. To date, controversy still exists concerning the strict definition of the adenovirus functions required for rescue of latent AAV.
Herpesviruses
Herpesviruses represent one of the more diverse groups of DNA-containing viruses. There are at least five distinct human herpesviruses, HSV-1, HSV-2, varicella-zoster virus, HCMV, and Epstein-Barr virus, which vary considerably with respect to host range and biological properties. Although the intimate details associated with replication do vary, infection with any of the human herpesviruses results in one of the following biological effects: (i) lytic growth; (ii) latent or persistent infection; or (iii) transformation.
Interaction of adenovirus and the herpesviruses. Both adeno-and herpesviruses encode transactive transcriptional factors which are responsible for transactivation of certain other genes (7, 30, 47, 51, 68, 75, 105) . The ElA gene of adenovirus and the ICP-4 gene of herpesvirus activate transcription of the early region of each virus, respectively. Although transactivation of transcription by ElA and ICP-4 cannot be defined strictly as complementation, it does provide a well-characterized system in which to study the mechanisms of viral gene regulation.
HCMV, another member of the herpesvirus family, has been demonstrated not only to functionally replace ElA for adenovirus activation, but also to complement the adenovirus type 5 immediate early (E1A-) mutant d1312 for lytic growth. The measurement of adenovirus production is possible because, unlike pseudorabies virus, a swine herpesvirus (6, 52), HCMV does not shut off host protein synthesis (98) within the time required for completion of the adenovirus lytic cycle, nor does it produce apparent cytopathology in the cell line used to titrate adenovirus. Although the HCMV gene products that mediate complementation of adenovirus have not yet been identified, IE genes have been implicated based on the shutoff of host macromolecular synthesis within 24 h after adenovirus infection (39), a time known to precede accumulation of late HCMV products (98, 99) .
Reversal of HSV latency. The study of reactivation of HSV-1 and HSV-2 from a latent state in vitro demonstrated an interaction between two human herpesviruses which may be of importance during herpesvirus latency in vivo. Results revealed that superinfection with HCMV induces replication of HSV-1 and HSV-2 in latently infected human cell cultures (25, 26, 106) . HSV latency was established in human embryonic lung cell cultures by treatment with 1-13-D-arabinofuranosylcytosine (25 ,ug/ml) at 37°C followed by inhibitor removal and temperature increase to 39.5 to 40°C (25, 106) . Reactivation of latent HSV was evoked by either temperature shift down to 37°C or HCMV (strain AD169 or Towne) superinfection of latently infected cultures at 39.5 to 40°C (25, 26, 106) . When latently infected cell cultures superinfected with low levels of HCMV were maintained at 39.5 to 40°C, harvested at various intervals, and titrated for HSV and HCMV, HSV was detected as early as 24 h after HCMV superinfection (26) . Inactivation of HCMV by various means prior to superinfection abrogated its positive regulatory effects on latent HSV-1 and HSV-2. Reactivation of latent HSV after superinfection with four HCMV temperature-sensitive mutants (107, 108) , from four different complementation groups, all unable to synthesize virus DNA at the nonpermissive temperature, implicates an early HCMVspecific function in the reactivation of latent HSV (26) .
Interaction of Adenoviruses and Papovaviruses
The papovaviruses are a group of small DNA-containing tumor viruses with genomes ranging in molecular weight from 2 x 106 to 5 x 106. The papovavirus family, composed of papillomavirus, polyomavirus, and SV40, was originally classified by Melnick in 1962 (64) . As a result of their relatively small size, papovaviruses are good candidates for viral genetic studies. Failure to propagate papillomaviruses in cell culture has impeded progress, although polyomavirus (murine papovavirus) and SV40 (simian papovavirus) have both been studied extensively. Due to recent advances in the study of complementation by SV40, the molecular mechanism associated with complementation by this papovavirus MICROBIOL. REV.
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The result of infection of a susceptible cell by SV40 depends on the cell type infected. Lytic infection occurs after infection of monkey cells by SV40, although infection is abortive in many other cell types. During abortive SV40 infection, viral genetic information is expressed to a limited extent and can be retained and passed on to infected cell progeny, providing the potential for transformation. Abortive SV40 infection also can occur in monkey cells as a result of infection by defective SV40 virions. Superinfecting these cells with SV40 can cause lytic SV40 infection. SV40 also has been shown to complement other unrelated abortive DNA viruses for productive infection in simian cells (76) .
Adenovirus-SV40 hybrids. The complementary interaction between nonproductive adenovirus and the simian papovavirus SV40 was recognized during the study of abortive adenovirus infection of simian cells (69, 79) . As a result of the continued passage of adenovirus in simian cells (which often are contaminated with SV40) for the purpose of vaccine development, a unique defective form of SV40, the adenovirus-SV40 hybrid, was discovered (94) . The hybrid virus was demonstrated to be dependent on adenovirus for replication (46, 84, 93) .
The adenovirus-SV40 hybrids or PARA-adenoviruses (particle aiding the replication of adenovirus), as they are sometimes referred to, represent a unique strain of defective viruses that has been carefully characterized. This mutant virus strain, unable to produce SV40 capsid proteins, contains two types of viral particles: wild-type adenovirus particles and virus particles containing hybrid genomes composed of both adenovirus and SV40 enclosed in adenoviral capsids (94) . The original hybrid genome (E46+) (Fig. 1B) (53) . The E46+ hybrid contains almost exclusively SV40 early sequences and upon infection produces SV40 T and U antigens but not SV40 V antigen or capsid proteins (93) . Inoculation of hamsters with the serially passaged adenovirus type 7 stock induces SV40-like tumors in vivo (46) and synthesis of SV40 tumor antigens in vitro (84, 93) . Despite repeated passage of the adenovirus-SV40 defective viruses in culture, the SV40 genomic component is not lost because it is required for replication of adenovirus in green monkey kidney cells (83) .
African green monkey kidney cells represent the cell culture of choice for growth of the PARA-adenoviruses; both hybrid virus and wild-type adenovirus replicate if cells are coinfected with both genomes (14, 95 (17, 77) . Human embryonic kidney cells also support replication of both components of the hybrid population. However, like replication in simian cells, the hybrids grown in human embryonic kidney cells require adenovirus for replication, whereas adenovirus can replicate in the absence of the coinfecting hybrid virus (18, 94) .
The phenomenon of transcapsidation, originally observed by , demonstrated that a large number of adenovirus serotypes can substitute for adenovirus type 7 in complementation of the hybrid genome. The defective DNA of PARA-adenoviruses replicates but no adenovirus capsids are synthesized (80, 92) . Consequently, the PARA-adenovirus progeny become encased in an adenovirus capsid. Transcapsidation between PARA and adenovirus types 1, 2, 5, 6, and 12 has been reported (81, 92) . In addition to adenovirus complementation of the PARA hybrid viruses, reciprocal complementation provided by the SV40 component of the hybrid genome can enhance replication of wild-type adenovirus (76, 83) (see below). As demonstrated, the adenovirus-SV40 hybrids provide a unique example of dual complementation in which active adenovirus complements a defective mutant genome for replication and the defective genome reciprocates by enhancing replication of the active adenovirus virion.
Complementation of adenovirus in simian cells. Infection of simian cells with adenovirus results in establishment of a nonpermissive viral infection in contrast to similarly infected human cells (50, 70, 82) . The yield of adenovirus in simian cells can be enhanced to levels comparable to those in human cells by complementation after coinfection with SV40 (69, 76, 79) . Although the exact nature of the block in adenovirus replication in monkey cells is not understood, it is clear that the early events of adenovirus multiplication, including synthesis of DNA, are not affected (32, 33, 37, 43, 85) . However, some late virion proteins are synthesized in greatly reduced amounts (5, 10, 37, 43, 60, 78) , which may be correlated with reduced messenger RNA levels (58) .
Enhancement of adenovirus growth in simian cells has been attributed to an early function of SV40 (37, 55) . Only a portion of the SV40 genome, specifically the carboxylterminal 113 amino acids of SV40 large T antigen (residues 596 through 708, encoded by 0.25 through 0.174 map units), is required to provide the adenovirus helper function (36, 74) (Fig. 1C) . Study of the SV40-associated adenovirus helper function, using either adenovirus-SV40 hybrid mutants (36, 41, 42) or SV40 mutants (27, 74) , implicates the 3' end of the early region of SV40 in the provision of helper activity. In addition, Tijan et al. (101) (104) (Fig. 1C) .
CONCLUDING REMARKS
The utility of animal DNA viruses as models for studying 
